We report the detailed electronic structure of a hole-doped delafossite oxide CuCr1−xMgxO2 (0 ≤ x ≤ 0.03) studied by photoemission spectroscopy (PES), soft x-ray absorption spectroscopy (XAS), and band-structure calculations within the local-density approximation +U (LDA+U ) scheme. Cr/Cu 3p-3d resonant PES reveals that the near-Fermi-level leading structure has primarily the Cr 3d character with a minor contribution from the Cu 3d through Cu 3d-O 2p-Cr 3d hybridization, having good agreement with the band-structure calculations. This indicates that a doped hole will have primarily the Cr 3d character. Cr 2p PES and L-edge XAS spectra exhibit typical Cr 3+ features for all x, while the Cu L-edge XAS spectra exhibited a systematic change with x. This indicates now that the Cu valence is monovalent at x = 0 and the doped hole should have Cu 3d character. Nevertheless, we surprisingly observed two types of charge-transfer satellites that should be attributed to Cu + (3d 10 ) and Cu 2+ (3d 9 ) like initial states in Cu 2p-3d resonant PES spectrum of at x = 0, while Cu 2p PES spectra with no doubt shows the Cu + character even for the lightly doped samples. We propose that these contradictory results can be understood by introducing not only the Cu 4s state, but also finite Cu 3d, 4d-Cr 3d charge transfer via O 2p states in the ground-state electronic configuration.
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I. INTRODUCTION
The search for new sustainable energy resources, including new innovations, is an urgent issue in modern societies. Thermoelectricity is one of the promising candidates because there exists so much waste heat that could be recovered without sacrificing environmental costs. Delafossite-type oxides CuM O 2 (M = trivalent cation) have considerable potential for thermoelectric materials 1 because of their layered structure of edgeshared M O 6 octahedrons that is very similar to the one in thermoelectric NaCoO 2 .
2 Hole-doped CuCr 1−x Mg x O 2 is a member of this family, being a candidate for a future thermoelectrode. In CuCrO 2 , 3d 3 electrons of the Cu 3+ ions under the pseudo-O h local symmetry fill up the narrow Cr 3d t 2g↑ band, which is the conterpart of the Co 3d t 2g band filled by six electrons in NaCoO 2 . Hence, as in Na x CoO 2 , a rapid change in the density of states (DOS) at the Fermi level (E F ) (Ref. 3 ) may be realized near the t 2g band edge in the hole-doped system CuCr 1−x Mg x O 2 , 4 because the Cr 3d band is expected to be at the top of the valence band in terms of a comparison of the charge-transfer energy of the Cr 3+ ion and that of the Cu + ion. 5 More precisely, in k-resolved electronic structure, this situation would correspond to the pudding-mold band structure that yields a large thermopower S in Na x CoO 2 .
6 As a consequence, a combination of a large S and the highest electrical conductivity σ among delafossite oxides 7 may be able to produce a large thermoelectric figure of merit Z = S 2 σ/κ (κ: thermal conductivity) in the present system.
Aside from thermoelectricity, CuM O 2 has various interesting physical properties both in fundamental and applicational terms. A former example is multiferroic oxides CuFeO 2 (Ref. 8 ) and the present compound CuCrO 2 (Ref. 9) as well, whereas an important finding for the latter was a p-type transparent conducting oxide (TCO); the n-type TCO's such as In 2 O 3 , SnO 2 , or ZnO based ones had been realized earlier, 10 yet the p-type counterpart was more difficult. A delafossite CuAlO 2 was the first p-type TCO with high carrier mobility and a wide band gap.
11 From the view point of the near-E F electronic structure, this was accomplished by hole doping into a wide gap Cu + oxide, which has the d 10 closed shell.
11 Hence, the top of the valence band was expected to have the Cu 3d character with some O 2p one due to hybridization.
The electronic structure of CuCrO 2 has been investigated both theoretically and experimentally in the context of TCO, [12] [13] [14] or of thermoelectric/multiferroic materials. 15 Along the conventional strategy for TCO, the top of the valence band is expected to have mainly the Cu 3d character, whereas it would be desirable to have mainly the Cr 3d character for better thermoelectric properties as mentioned before. On this point, reported first-principles band-structure calculations are still controversial; Scanlon et al. reported that the Cr 3d partial DOS has the maximum peak at the same energy as the maximum peak of the Cu 3d partial DOS and negligibly small Cr 3d partial DOS at the top of the valence band.
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In contrast, Maignan et al. reported considerable Cr 3d partial DOS at the top of the valence band, 15 and a recent study by Hiraga et al. showed the Cr 3d partial DOS in a much deeper energy.
14 Experimental electronic structure of CuCrO 2 has been investigated by photoemission spectroscopy (PES), x-ray absorption spectroscopy (XAS), and x-ray emission spectroscopy. In these studies, Scanlon et al. From the above overview, the electronic structure of CuCr 1−x Mg x O 2 , particularly near E F , has not been established yet. In this paper, we performed a comprehensive study on the electronic structure of lightly holedoped CuCr 1−x Mg x O 2 (x = 0-0.03) by photoemission spectroscopy with various photon energies, soft x-ray absorption spectroscopy, and band structure calculations using the local density approximation +U (LDA+U ) method.
II. EXPERIMENT AND CALCULATION
Polycrystalline samples of CuCr 1−x Mg x O 2 (x=0, 0.02, 0.03) were prepared by the standard solid-state reaction.
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Vacuum ultraviolet (VUV)-PES measurements in the range of the Cr/Cu 3p-3d resonance (hν = 40-90 eV) were performed at BL-28A of the Photon Factory, KEK, using a SCIENTA SES-2000 electron analyzer. Hard xray PES (HX-PES) spectra taken with hν = 7940 eV were measured at BL47XU of SPring-8 using a SCIENTA R4000 electron analyzer. XAS spectra of the Cr and Cu L edge regions and Cu 2p-3d resonant soft x-ray PES (SX-PES) spectra were measured at BL-2C of the Photon Factory, KEK, using a SCIENTA SES-2000 electron analyzer. In order to obtain clean surface, we fractured the samples in situ right before the measurements. The fracturings and the measurements were done in ultrahigh vacuum, namely, about 2.0 × 10 −8 Pa (VUV-PES, SX-PES, and XAS), about 1.2 −7 Pa (fractureing for HX-PES), and about 2.5 × 10 −8 Pa (measurement for HX-PES), all at 300 K. The intensity of the resonant PES spectra was normalized using photon current of the exit mirror. The energy resolution was 30 meV (VUV-PES), 140 meV (SX-PES), and 250 meV (HX-PES). All the Fermi-level (E F ) positions in the experiments were calibrated with Au spectra.
We also performed band-structure calculations with the full potential linearized augmented plane-wave (FLAPW) method 17 in the LDA+U scheme. 18, 19 For the effective Coulomb repulsion U eff = U −J, relatively small values (2.0 eV for Cu and Cr) were adopted. The rhombic lattice parameters (a = 2.9760Å, c = 17.1104Å) were taken from Ref. 20 . The plane-wave cut off energy was 653 eV for the wave function. We took 1313 k points in the irreducible Brillouin zone for the rhombohedral Brillouin zone. 15 Although the system is known to be antiferromagnetic, 1 the magnetic structure was assumed to be ferromagnetic 15 because the detailed magnetic structure is not experimentally well-determined.
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III. RESULTS
A. Experimental valence-band electronic structure compared with band structure calculations
When the photon energy comes near the 3p-3d (or 2p-3d) excitation threshold, resonant behaviors appear in intensity of the valence-band photoemission due to the interference between the direct (3d
processes. This is called 3p-3d (or 2p- , respectively. To remove the background intensity from the CIS spectra as taken (filled symbols), 21 we also show the CIS spectra after subtracting the background by the Shirley method (open symbols).
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Figure 1(c) shows that the 1.4-eV shoulder exhibits a distinct resonance-type line shape 23 with the maximum intensity at 50.0 eV, which is the Cr 3p-3d resonance energy. 21 In contrast, the 2.3-eV peak shows a typical weak anti resonance-type line shape with a dip 23 at the Cu 3p-3d resonance energy 74.0 eV, as shown in Fig.  1 
(d).
24 However, one also notices that a weak resonance of the 2.3-eV peak does exist at 50.0 eV and a tiny antiresonance of the 1.4 eV at 74.0 eV. These observations are clearly demonstrating that (1) the 1.4-eV shoulder includes a major contribution of the Cr 3d states with a minor contribution of the Cu 3d states and vice versa for the 2.3-eV peak, and (2) nevertheless there exists sizable hybridization between the Cr 3d and Cu 3d states via O 2p states. The major contribution of the Cr 3d states in the 1.4-eV shoulder is also confirmed by a 2p-3d resonant PES measurement as shown in Fig. 2 . Figure  1 eV (off resonance) rapidly grows to an intense peak at hν = 576 eV (on resonance) with increasing photon energy. Accordingly, the on-off difference spectrum, representing the Cr 3d partial DOS, has a sharp peak at 1.4 eV (Panel (b)).
From the above results, the schematic energy diagram is that the Cr 3d is at the top of the valence band, the next is Cu 3d, and then O 2p states come in the order of binding energy. This conclusion is different from recent PES 13 or optical 14 studies, both of which concluded that the Cu 3d states are located at the top of the valence band. The origin of this difference will be discussed later in relation to band structure calculations. The present result is reasonable also from the viewpoint of the O 2p−TM 3d charge transfer energy ∆ because the location of the Cr 3d states and the Cu 3d states, hybridizing with each other via O 2p states in this compound, is governed by the difference of ∆ Cr 3+ and ∆ Cr + , and ∆ Cr 3+ would be larger than ∆ Cr + even considering the different valence and local configurations.
25,26
In order to analyze the valence-band electronic structure in more detail, we performed LDA+U bandstructure calculations. Figure 3 shows the result of our LDA+U calculations. The Cu 3d partial DOS has intense peaks between −2.5 and −4.0 eV with small Cr 3d partial DOS in this range, whereas the Cr 3d partial DOS exhibits a considerably large peak centered at about −1.5 eV, distributed from the top of the valence band to −2.5 eV with small Cu 3d partial DOS in this range. Here, it is noted that the calculated Cr 3d partial DOS has good agreement with the experimental Cr 3d spectral weight in Fig. 2(b) . The O 2p bands are mainly located below the Cr and Cu 3d bands, from −4 to −8 eV. All the s states, Cu 4s, Cr 4s and O 2s, show very small DOS in the entire energy range. The present calculation, particularly on the location of the Cu/Cr 3d partial DOS, agrees well with the experimental result shown in Fig. 1 and the interpretation/prediction using the difference of ∆ Cr 3+ and ∆ Cr + as well.
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The agreement between our experiment and calculation is demonstrated more clearly in Fig. 4 , which shows a comparison between the experimental spectrum of CuCr 0.98 Mg 0.02 O 2 taken at hν = 80 eV and the calculated DOS.
27 A theoretical simulation curve has been constructed by broadening the cross-section-weighed total DOS with an energy dependent Lorentzian function due to the lifetime effect and a Gaussian due to the experimental resolution. [28] [29] [30] [31] This theoretical specctrum shows that the leading structure at the top of the valence band (labeled as α) is dominated by the Cr 3d states with a minor contribution of the Cu 3d states whereas the most intense peak (labeled as β) primarily originates from the Cu 3d states. In both structures, appreciable O 2p DOS exist as well because of large photoionization cross section. 30 One can see that the theoretical spectrum satisfactorily reproduces the experimental one and thus the experimental structures A to F can be assigned to the theoretical structures α to ζ, respectively.
Our calculation agrees well with the calculation by Maignan et al. 15 while it is different from Scanlon et al.
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or Hiraga et al. 14 
14 However, optical absorption spectroscopy is indirect to probe the valence-band electronic structure because it gives the joint DOS. Figure 5(a) shows the valence-band photoemission spectra of CuCr 0.98 Mg 0.02 O 2 taken across the resonant energies of the Cu satellite structures. There can be observed two distinct satellite peaks at the binding energy of 13 and 15 eV, which have their maximums at the photon energy of 74 and 77 eV, respectively, as shown in Fig. 5(b) . These numbers are in very good agreement with the reported satellite peaks in CuO (12.5-12.9 eV) and Cu 2 O (15.3 eV), which have mainly 3d 8 and 3d 8 4s final-state character, respectively. 24, 33, 34 The 15-eV satellite peak has also been observed in Al Kα XPS spectra of CuAlO 2 and CuCrO 2 .
13 Figure 5 (c) shows the CIS spectra of these two satellite peaks. The CIS profiles of the satellites again well reproduce those of CuO and Cu 2 O, respectively, including the two-peak structure due to 3p 3/2 and 3p 1/2 splitting. ions, namely, holes will be doped into the Cu sites. However, this observation seems to be incompatible with the result that the top of the valence band has mainly the Cr 3d character, demonstrated in Figs. 1-4 . Moreover, the 13-eV satellite due to Cu 2+ seems to be too intense for only 3% doping of Mg, which corresponds to 3% Cu 2+ ions.
To confirm this observation, we performed Cu 2p-3d resonant photoemission spectroscopy measurements, as shown in Fig. 6 . The excitation energies were determined by Cu L 3 XAS spectra shown in Fig. 6(d) .
35 Figure  6 (a) shows the valence-band spectra of the x = 0 sample taken in the Cu 2p-3d resonance region. The giant resonance peak at 15 eV is due to Cu + ions as seen in Fig. 5 and as reported for Cu 2 O. 36 Figures 6(b) and 6(c) show the spectra taken at the photon energies before the giant resonance develops. In Fig. 6(c) , the x = 0.03 spectrum shows the distinct 13-eV resonant peak of Fig. 5 at hν = 926.0 eV that corresponds to the photon energy of the pre-peak structure in Fig. 6(d pure Cu 2 O, 40 and it is accordingly interpreted as 2p3d 10 final state due to Cu 2+ impurity, 13, 39, 40 where 2p denotes a core hole of the Cu 2p level. Therefore, both the Cu 2p-3d resonant photoemission and the Cu L 3 XAS spectra of the x = 0.03 sample clearly demonstrate the Cu 3d nature of the doped holes observed in Fig. 5 . Surprisingly, however, Fig. 6(b) shows that the x=0 sample, too, has the 13-eV satellite. This can never be due to Cu 2+ impurity because the Cu L 3 XAS spectrum has no appreciable prepeak [see Fig. 6(d) ]. Here, we noted that the very slight modulation from the baseline at the prepeak of the x=0 spectrum cannot explain the large 13-eV resonance peak because the Cu 2+ impurity concentration in the x = 0.03 sample, if exists, can be estimated to be a few percent at most by a comparison with the reported relation between the concentration and the prepeak intensity in CuAlO 2 .
39 Therefore, it can be undoubtedly concluded that some kind of 3d 9 state that does not originate from Cu 2+ impurities, should exist even in the pure CuCrO 2 , and based on this fact, one may further go beyond the x = 0 case, and arrive at the idea that the whole portion of a doped hole may not necessarily go into a Cu site even because the 13-eV satellite is observed. 39 There is no trace of structures at 934 eV due to the Cu 2+ state that, if exist, can easily be identified as is the case of oxidized
39,41 A reported energy shift of the Cu 2p 3/2 peak due to Mg doping 13 was not observed and the x = 0.03 spectrum is almost identical to that of x = 0, which is very similar to what was observed in CuAl 1−x Zn x O 2 .
39 This fact raises doubt about the Cu 3d nature of a doped hole. Nevertheless, a small but important change due to Mg doping can be observed in Fig. 7(b) ; the Cu 2p 3/2 line shape becomes asymmetrically broad. A Doniach-Šunjić lineshape analysis 42 has confirmed a large increase in asymmetry with hole doping, which is reflecting an increase in metallicity of the system, particularly on the Cu sites.
43 Hence, this small change suggests the Cu 3d nature of a doped hole again. Figure 8 shows Cr 2p core-level spectra of CuCrO 2 and CuCr 0.98 Mg 0.02 O 2 . The double-peak structure observed in the Cr 2p 3/2 peak of the both samples is characteristic of Cr 3+ compound. Both the spectra in Panel (a) are indeed very similar to those of Cr 2 O 3 and CrN.
44,45 The x = 0 and 0.02 spectra are very similar to each other, displaying Cr 3+ nature. However, the Cr 2p 3/2 peak shows a remarkable change due to Mg doping; the first peak at 575 eV obviously decreases in intensity with Mg doping. A very similar change has recently been observed in CrN across its insulator-metal transition, which has been explained by the screening effects due to mobile carriers. 45 Therefore, the observed change is likely an evidence that doped holes move around the Cr sites, suggesting the Cr 3d nature of a doped hole. This result is consistent 
Intensity ( with the valence-band satellite analyses in Figs. 5 and 6 . Nevertheless, all the three Cr L 2,3 XAS spectra in Fig.  8(b) are very similar to the reported spectra of LaCrO 3 and Cr 2 O 3 , 46, 47 indicating that the Cr ions are trivalent. Unlike the Cu L 3 edge, Cr L 2,3 XAS spectra show no detectable changes with hole doping that were observed for La 1−x Sr x CrO 3 with x ≥ 0.3.
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IV. DISCUSSION
It is already established now that the ground-state electron configuration of Cu 2 O is not a simple |3d
10 , but α|3d 10 + β|3d 9 4s , while that of CuO is described as
10 L , where L denotes an O 2p ligand hole; the d 10 configuration of the Cu + ion should be spherical, but it was long ago pointed out that the charge distribution in Cu 2 O can be non-spherical due to the hybridization between the d 3z 2 −r 2 orbital (z axis along the Cu-O bonding) and the 4s orbital, 48 and has been discussed theoretically later. 49 This hybridization yields a d 3z 2 −r 2 hole and hence the ground state of Cu 2 O should have the |3d 9 4s component. The d hole state has recently been directly observed, 50 confirming the interpretation of the satellite structures at 15 eV (the |3d 9 4s → |3d 8 4s pro-cess) in Cu 2 O and at 13 eV (the |3d 9 → |3d 8 process) in CuO. 24, 33, 34 The situation in CuCrO 2 is quite analogous to Cu 2 O because the local environment around Cu is the same O-Cu-O dumb-bell structure, and therefore it is not surprising that the ground state has the |3d 9 4s component. What is striking in our results is that even the x = 0 sample with no Cu 2+ impurity centers has shown a weak but detectable 13-eV satellite (Fig. 6 ). This inevitablly indicates that not a "virtual" d 9 state (|3d 9 4s ), but the "real" d 9 state (|3d 9 ) has to exist in CuCrO 2 . However, the Cu 2p core-level spectra do not show any trace of such a configuration even for hole-doped samples, either. Nevertheless, the development of the Cu L 3 pre-peak structure with x, again, undoubtedly demonstrates that this |3d 9 configuration increases with x. On the other hand, the doped hole should have the Cr 3d character from the Cr 2p HX-PES spectra while the Cr L-edge XAS spectra show no detectable changes.
To understand the above contradictory results, we reconsider the local electronic structure of the Cu site beyond the nearest-neighbor oxygens, namely, consider the two metal sites, Cu and Cr, because their wave functions are actually connected via the O 2p wave functions.
Within a metal-oxygen single cluster model (CuO
3− 2
and CrO
9−
6 for the Cu and the Cr sites, respectively), the local electronic configuration of Cu + can be described as α|3d
10 + β|3d 9 4s , whereas that of Cr 3+ will be
Although the L molecular orbitals of the Cu and the Cr sites have in fact different symmetries, there should be sizable overlap between some of them as discussed in Fig. 1 
Here, |d 9 L d 4 is neglected because this configuration will easily transform into |d 9 d 3 due to the combination of one extra electron at the Cr site and the lack of one electron at the Cu site. For the Cu 2p core-level photoemission, the final state will be
and for the Cu L-edge XAS, the final state will be
where c denotes a Cu 2p core hole. Within this framework, the Cu 3p-3d and 2p-3d resonant photoemission spectra can have both the 3d 8 4s (at 15 eV) and 3d 8 (at 13 eV) final-state satellites due to the processes of |d , respectively. This scenario even predicts that CuAlO 2 will not have the 13-eV satellite because there are no available Al states in the valence band, and indeed, an XPS spectrum of CuAlO 2 shows a dip around 13 eV, while that of CuCrO 2 has extra spectral weight, 13 supporting the scenario. The absence of the |c3d 9 final-state satellite in the Cu 2p core-level spectra can be explained by strong screening effects due to the presence of a core hole at the Cu site: The large c-d Coulomb attraction increases the number of d electrons and accordingly it makes the |cd 9 s d 3 and |cd 9 d 4 weight negligible even for the lightly hole-doped samples. Likewise, the lack of the pre-peak structure in the Cu L-edge XAS specturm of the x=0 sample can also be explained by the core-hole screening effects that reduce the weight of the |cd 10 d 4 (and the |cd Fig. 6(b) ). From the above consideration, there must be weak but finite Cu 4s spectral weight at the top of the valence band, and this can actually be observed; Figure 9 shows a HX-PES valence-band spectra of x = 0 and 0.03 samples. Considering that the photoionization cross section of sp states of this energy range is largely enhanced, 30 the small enhancement at very near E F (see the inset) can be interpreted as an increase in the Cu 4sp emission due to hole doping, namely, supporting finite Cu 4s spectral weight at the top of the valence band. It is accordingly revealed that the very top of the valence band has actually the Cu 4s character in addition to the Cr 3d character. This Cu 4s-Cr 3d duality of a doped hole can explain the observed magnetic and transport properties of CuCr 1−x Mg x O 2 ; the doped holes moving in the Cr-O network can lift the magnetic frustration in the Cr triangular spin lattice, resulting in an increase in the magnetic susceptibility with x. 52 The holes that are not restricted in the Cu-O network also explain a higher electric conductivity compared with other hole-doped Cu delafossites such as CuAlO 2 .
7 In particular, the highest conductivity by selecting Cr 3+ is strikingly demonstrating the importance of the Cu-Cr combination.
7 From the viewpoint of the electronic structure, this can be interpreted as a consequence of an "appropriate" combination in terms of the difference of ∆ Cr 3+ and ∆ Cr + of CuM O 2 .
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V. CONCLUSIONS
We have studied the electronic structure of hole-doped delafossite oxides CuCr 1−x Mg x O 2 by high-resolution photoemission spectroscopy, x-ray absorption spectroscopy, and LDA+U band-structure calculations. The Cr and Cu 3p-3d resonant PES spectra demonstrated that the leading structure of the valence band near the E F has primarily the Cr 3d character with a minor contribution from the Cu 3d due to hybridization with the O 2p states, in good agreement with the band-structure calculation. This result indicates that a doped hole will primarily have the Cr 3d character. The Cr 2p PES and L-edge XAS spectra of CuCr 1−x Mg x O 2 showed typical Cr 3+ features, whereas the Cu L-edge XAS spectra exhibited a systematic change with x. This result, by contrast, indicates that the Cu valence is monovalent at x=0 and the holes will be doped into the Cu sites, which contradicts the Cr and Cu 3p-3d resonant PES. Nevertheless, the Cu 2p-3d resonant PES spectra display the two types of charge-transfer satellites that should be attributed to Cu + (3d 10 ) and Cu 2+ (3d 9 ) like initial states, while the Cu 2p PES with no doubt shows the Cu + character even for x > 0.
We have proposed that the above apparently contradictory results can consistently be understood by introducing not only the Cu 4s state as traditionally, but also newly finite Cu 4s−Cr 3d charge transfer via O 2p states in the ground-state electronic configuration. We found that this model can explain well some of the characteristic magnetic and transport properties of this compound.
